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ABSTRACT
Chromospheric observations of sunspot umbrae offer an exceptional view of magneto-acoustic shock phe-
nomena and the impact they have on the surrounding magnetically-dominated plasma. We employ simultaneous
slit-based spectro-polarimetry and spectral imaging observations of the chromospheric He I 10830 A˚ and Ca II
8542 A˚ lines to examine fluctuations in the umbral magnetic field caused by the steepening of magneto-acoustic
waves into umbral flashes. Following the application of modern inversion routines, we find evidence to sup-
port the scenario that umbral shock events cause expansion of the embedded magnetic field lines due to the
increased adiabatic pressure. The large number statistics employed allow us to calculate the adiabatic index,
γ = 1.12 ± 0.01, for chromospheric umbral locations. Examination of the vector magnetic field fluctuations
perpendicular to the solar normal revealed changes up to ∼200 G at the locations of umbral flashes. Such
transversal magnetic field fluctuations have not been described before. Through comparisons with non-linear
force-free field extrapolations, we find that the perturbations of the transverse field components are orientated
in the same direction as the quiescent field geometries. This implies that magnetic field enhancements produced
by umbral flashes are directed along the motion path of the developing shock, hence producing relatively small
changes, up to a maximum of ∼8 degrees, in the inclination and/or azimuthal directions of the magnetic field.
Importantly, this work highlights that umbral flashes are able to modify the full vector magnetic field, with the
detection of the weaker transverse magnetic field components made possible by high-resolution data combined
with modern inversion routines.
Keywords: shock waves — Sun: chromosphere — Sun: magnetic fields — Sun: oscillations — Sun: photo-
sphere — sunspots
1. INTRODUCTION
The study of magnetic field fluctuations and oscillations
in the solar atmosphere is in its relative infancy (Staude
2002). To date, the majority of studies have focused
on photospheric oscillations to determine how magneto-
hydrodynamic (MHD) waves propagate and subsequently
channel energy into the chromosphere and corona (e.g., Bel-
lot Rubio et al. 2000; Fujimura & Tsuneta 2009; Khomenko
& Collados 2015; Jess et al. 2016; Kanoh et al. 2016). Sim-
ilar studies in the more-diffuse chromosphere have proved
Corresponding author: S. J. Houston
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difficult to undertake for a number of reasons, namely
the advanced observational instrumentation required (Jess
et al. 2015), in conjunction with the necessary development
needed for inversion techniques to be able to infer plasma
parameters within the complex physical conditions of the
chromosphere (del Toro Iniesta & Ruiz Cobo 2016).
There are a few studies that have started to provide insight
into chromospheric magnetic field perturbations, through the
analysis of non-linear shock fronts resulting from the steep-
ening of magneto-acoustic waves in sunspot umbrae (Rouppe
van der Voort et al. 2003; Centeno et al. 2006; de la Cruz
Rodrı´guez et al. 2013; Henriques et al. 2017). These shock
fronts, commonly known as ‘umbral flashes’ (UFs; Beckers
& Tallant 1969), are ideal candidates to study subsequent
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chromospheric magnetic field fluctuations, since they are en-
ergetic, highly non-linear and display well defined proper-
ties, allowing their effects on the localized umbral magnetic
field to be investigated. UFs exhibit a periodicity of approxi-
mately 3 minutes, which is a consequence of their source, in
the form of upwardly propagating magneto-acoustic p-mode
waves traversing the density stratification of the lower solar
atmosphere and subsequently forming shocks (Havnes 1970;
Felipe et al. 2010). The shock fronts manifest observationally
as blue-shifted emission due to the initially upward motion of
the shocking plasma, followed by an observed red-shift re-
sulting from the plasma returning to an equilibrium position
as it radiatively cools (Carlsson & Stein 1997; Bogdan 2000;
Beck et al. 2008; Vecchio et al. 2009; Bard & Carlsson 2010;
Beck et al. 2013a).
Advancements in observing techniques have revealed that
UFs are not single bulk processes, but are instead a combina-
tion of small-scale interactions. High resolution Stokes pro-
files have shown that UF atmospheres are composed of two
distinct components: hot, upwardly moving plasma super-
imposed on top of a quiescent background plasma (Socas-
Navarro et al. 2000, 2001; Centeno et al. 2005; Tian et al.
2014). This is consistent with recent simulations that as-
sessed the potential energy output of shocks into the localized
chromosphere (Bard & Carlsson 2010; Felipe et al. 2011,
2014).
Comprehensive studies of the small-scale interactions in
the solar atmosphere are dependent on the techniques used
for inferring plasma properties from the incident radiation.
Initial methods, which assumed local thermodynamic equi-
librium (LTE) of the plasma, prohibited unequivocal accu-
racy in the assessment of plasma parameters as the atmo-
sphere transitions from the dense photosphere into the more
diffuse chromosphere (Skumanich & Lites 1987; Ruiz Cobo
& del Toro Iniesta 1992; Beck et al. 2013b). This led to the
development of non-LTE methods that take into account the
more intricate physics required to fully model chromospheric
plasma. While such non-LTE methods provide the most ac-
curately inferred parameters, they are unfortunately compu-
tationally intensive. This limitation can be seen in the work
of de la Cruz Rodrı´guez et al. (2013), who were forced to
restrict their study to only two frames of spatially degraded
data to study UFs using the Non-LTE Inversion COde us-
ing the Lorien Engine (NICOLE; Socas-Navarro et al. 2015)
inversion routine because of the computational effort. For
data acquired in the chromospheric He I 10830 A˚ line, the
HAnle and Zeeman Light code (HAZEL; Asensio Ramos
et al. 2008) provides a similar inversion tool that can be
parallelized to run simultaneously across a number of pro-
cessing cores, whilst employing the well-understood physics
related to optical pumping, atomic level polarization, level
crossings and repulsions, in addition to the intrinsic Zeeman,
Figure 1. Top Left: ROSA 4170 A˚ continuum image of active re-
gion NOAA 12565. Middle Left: IBIS blue-wing snapshot acquired
at 8540.82 A˚ (line core − 1.3 A˚). Bottom Left: IBIS Ca II 8542 A˚
line-core image, where the green contour represents the location of
the outer umbral boundary. In each panel, the solid red line repre-
sents the orientation and position of the FIRS spectral slit. Right
Panel: Velocity–time image showing the spectral and temporal evo-
lution of the He I 10830 A˚ Stokes I line profile, where the black-
to-white color scale represents the inverse spectral intensities to aid
visual clarity. The vertical dashed red line represents the rest posi-
tion of the He I 10830 A˚ line core.
Paschen-Back and Hanle effects (Trujillo Bueno & Asen-
sio Ramos 2007; Trujillo Bueno & Shchukina 2009; Trujillo
Bueno 2010).
Here, we present the first large-scale statistical study of
vector magnetic field perturbations, arising as a result of
UFs in the chromospheric umbra of a sunspot, using high-
resolution data products obtained with the Dunn Solar Tele-
scope. Almost 100 000 spectro-polarimetric He I 10830 A˚
profiles are analyzed using HAZEL to provide unique in-
sights into the dynamic fluctuations of both the longitudinal
and transverse components of the vector magnetic field.
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2. OBSERVATIONS AND DATA REDUCTION
The data presented here represents an observational se-
quence obtained during 13:42 – 14:30 UT on 2016 July 14
with the Dunn Solar Telescope (DST) at Sacramento Peak,
New Mexico. The telescope was pointed towards active re-
gion NOAA 12565, positioned at heliocentric co-ordinates
(−582′′, 30′′), corresponding to a heliocentric angle of 38◦
(µ ' 0.79), or N05.2E38.1 in the conventional heliographic
co-ordinate system. Good seeing conditions were experi-
enced throughout the observing period. Observations were
obtained with three separate instruments: the Rapid Oscil-
lations in the Solar Atmosphere (ROSA; Jess et al. 2010b)
imaging system, the Interferometric BIdimensional Spec-
trometer (IBIS; Cavallini 2006) imaging spectrometer, and
the Facility Infrared Spectropolarimeter (FIRS; Jaeggli et al.
2010) slit-based spectrograph. This study focuses primar-
ily on the FIRS spectro-polarimetric and IBIS spectroscopic
observations, with contextual 4170 A˚ continuum images pro-
vided by ROSA.
The FIRS instrument was utilized to obtain diffraction-
limited precision spectro-polarimetry of the He I 10830 A˚
line formed in the chromosphere. FIRS obtained He I
10830 A˚ spectra from a 75′′ × 1 .′′125 region of the solar
disk, where the slit passed directly through the center of the
sunspot umbra. A spatial sampling of 0 .′′15 per pixel was
obtained along the slit, while the width of the slit corre-
sponded to 0 .′′225. A 5-step raster of the umbral core was
obtained by moving the slit 0 .′′225 each step, producing a
1 .′′125 wide slot. At each position, 12 consecutive modula-
tion sequences were co-added to increase the signal-to-noise
of each Stokes measurement, producing a total integration
time of 14.6 s per slit position. A total of 39 raster scans
where performed over the observing period, equating to 195
individual slit steps. The spectral sampling for the He I
10830 A˚ line is 0.04 A˚, and all resulting data was reduced
and processed using the publicly available National Solar
Observatory FIRS pipeline1. A slit-jaw camera, in-sync with
the FIRS spectro-polarimetric exposures, was also employed
to allow the precise spatial location and orientation of the
FIRS slit to be mapped.
The IBIS instrument was employed to simultaneously sam-
ple the chromospheric Ca II absorption profile at 8542.12 A˚.
IBIS employed a spatial sampling of 0 .′′098 per pixel and im-
aged a circular field-of-view with a diameter of 97′′ centered
on the leading sunspot of active region NOAA 12565. Forty-
seven discrete, non-equidistant wavelength steps were used
across the Ca II 8542 A˚ line, covering the range 8540.82 –
8543.42 A˚, which resulted in a temporal cadence of 9.4 s per
1 For the FIRS reduction pipeline please visit http://nsosp.nso.edu/dst-
pipelines.
imaging scan, with a total of 303 full spectral scans obtained.
A whitelight camera, in sync with the narrow-band feed, was
also employed to enable processing of the narrowband image
sequence, alongside the implementation of high-order adap-
tive optics to improve quality (Rimmele 2004). Data reduc-
tion of the IBIS observations followed standard techniques
(i.e., dark subtraction and flat fielding), yet also included a
radial blue-shift correction that is required due to the use of
a classical etalon mounting (Cauzzi et al. 2008), in addition
to the alignment and de-stretching of the resulting image se-
quences (Jess et al. 2010a, 2012; Grant et al. 2018).
Simultaneous vector magnetograms were obtained from
the Helioseismic and Magnetic Imager (HMI; Schou et al.
2012) on board the Solar Dynamics Observatory (SDO; Pes-
nell et al. 2012). The outputs of the Very Fast Inversion of
the Stokes Vector (VFISV; Borrero et al. 2011) algorithm,
applied to the HMI vector magnetogram data, were retrieved
with a time cadence of 720 s and a spatial sampling of 0 .′′5.
In addition, one contextual HMI 6173 A˚ continuum image,
acquired at 13:41 UT, was obtained for the purpose of co-
aligning the ROSA, IBIS and FIRS slit-jaw images with the
HMI reference data. The vector magnetograms and con-
tinuum image incorporated corrections for scattered light,
which has been documented by Couvidat et al. (2016), and
further updated by Criscuoli et al. (2017). Sub-fields of
200′′× 200′′ where extracted from the full-disk images, with
a central pointing close to that of the ground-based observa-
tions. The HMI continuum image was then used to define
absolute solar coordinates, with all ground-based observa-
tions subsequently subjected to cross-correlation techniques
to provide sub-pixel co-alignment accuracy. The scattered
light corrections made to the HMI data provided better visi-
ble fine-structuring of the umbral boundary and surrounding
penumbral filaments, thus making the co-alignment with the
ground-based data more accurate.
Fully calibrated images obtained from the ROSA 4170 A˚
continuum, IBIS Ca II 8542 A˚ blue-wing and IBIS Ca II
8542 A˚ line-core datasets are displayed in Figure 1, along-
side a corresponding time series of intensity spectra extracted
from the FIRS He I 10830 A˚ observations.
3. ANALYSIS AND DISCUSSION
3.1. Flash Identification
The signatures of umbral flashes evolve rapidly in both
wavelength and intensity. Depending on the formation height
of the initial shock front, as well as the induced plasma prop-
erties, intensity variations will be observed across the cor-
responding spectral line profile. This is particularly evident
in the right panel of Figure 1, where bright excursions can
be seen extending far into the blue wing of the He I 10830 A˚
line. To better encapsulate the wide range of wavelengths that
often display prominent UF-based brightenings, a number of
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wavelength-integrated IBIS images extending 0.2 A˚ into the
blue-wing from the line core were created, thus establishing
a pseudo-broadened filter width that better captures the dy-
namic spectral signatures of UFs in the Ca II 8542 A˚ line.
This ensures that the brightest part of each flash is included
in the subsequent time series.
Following the creation of wavelength-integrated images,
the umbra was isolated from the penumbra and surrounding
quiet Sun. The umbra and penumbra have to be segregated
to ensure that no extraneous brightenings, such as penum-
bral jets (Katsukawa et al. 2007), were included in the iso-
lated time series. A time-averaged image of the wavelength-
integrated dataset was created to provide a high contrast ratio
between the umbra and surrounding penumbra. The resulting
image was then manually thresholded to produce a contour
of the umbral boundary. This was then turned into a binary
mask, whereby all pixels within the umbra contour where
assigned a value of ‘1’, while all pixels outside the contour
where assigned a value of ‘0’. The wavelength-integrated im-
age sequence was then multiplied by the binary mask, leaving
a purely umbral time series for subsequent study.
The identification of umbral flashes was carried out by ap-
plying a running mean subtraction method, similar to that
employed by Rouppe van der Voort et al. (2003) and Madsen
et al. (2015), to the wavelength-integrated time series defined
above. Using a running mean allows long-duration time se-
ries to be more accurately normalized through the removal of
brightenings that exist for longer time intervals than the UFs.
The subtracted mean was calculated for each time step over
the 15 images immediately preceding and following the im-
age in question. This corresponded to an approximate ±2.5
minute window. If the images occurred in the first or last 15
images of the dataset, they were subtracted by an average of
the first or last 30 images, respectively.
With a normalized intensity, it is possible to use thresh-
olding techniques to accurately detect and extract umbral
flashes, which will have characteristic intensity excursions
above the background. Following mean subtraction, the
wavelength-integrated maps have an average background
value of zero. Pixels corresponding to UFs were identi-
fied as intensity excursions exceeding 12σ above the back-
ground, where σ is the standard deviation of the umbral
intensity time series. Such a large threshold ensures that
the detected brightenings are statistically significant (i.e.,
not a consequence of detector noise or smaller-amplitude
magneto-acoustic waves), with 298 091 individual flash pix-
els identified in the IBIS time series across the ∼50-minute
observational period.
To map the detected UFs to the times and locations cap-
tured by FIRS, a co-registration process was implemented.
Here, the IBIS and FIRS cadences of 9.4 s and 14.6 s, respec-
tively, were used to match the IBIS UF detections to the cor-
responding FIRS spectra obtained closest in time. Next, the
spatial location of the UFs detected in IBIS were mapped on
to the corresponding FIRS slit-jaw image. If the mapped pix-
els lay outside of the FIRS slit they were excluded from sub-
sequent study, while UFs that lay within the FIRS slit were
noted. In total, the 298 091 individual flash pixels detected
in the IBIS dataset were reduced to 12 988 individual spec-
tra once mapped across to FIRS. Examination of the He I
10830 A˚ ‘sawtooth’ profiles, identifiable in the right panel
of Figure 1, revealed that the UFs detected in IBIS simulta-
neously impacted the corresponding FIRS spectra. This is
not unexpected, since both spectral lines are chromospheric
in nature, but this confirms the suitability of UF detections
in IBIS as a marker for which spectro-polarimetric pixels to
extract from the FIRS dataset for subsequent study.
3.2. HAZEL inversion code
To investigate the effects that UFs have on the local mag-
netic field, the co-spatial and co-temporal He I 10830 A˚
Stokes profiles extracted from FIRS were inverted using the
HAZEL code. Following the FIRS data calibration, any
residual fringes remaining in the spectra were removed fol-
lowing an approach based on the Relevance Vector Machine
method (RVM; Tipping 2000), similar to that used by Asen-
sio Ramos & Manso Sainz (2012). The observed spectra are
decomposed as linear combinations in a non-orthogonal dic-
tionary made up of sines and cosines of different frequencies
(that are used to capture the fringes) and Gaussians of dif-
ferent widths and positions (that capture the spectral lines).
The RVM computes linear combinations by imposing spar-
sity constraints on the coefficients. Given that the dictionar-
ies used for spectral lines and fringes are largely incoher-
ent, the sparsity constraints help avoid any mixing. The de-
fringing is performed by subtracting the components of the
linear combinations associated with sines and cosines, while
keeping the rest.
The efficiency of the parallelized HAZEL code allowed
the entire FIRS dataset, consisting of 93 991 individual He I
10830 A˚ Stokes spectra (12 988 flashing pixels and 81 003
quiescent spectra), to be inverted in approximately 36 hours
using 10 CPU cores on a 2.4 GHz Intel Xeon machine.
HAZEL uses a forward modeling code with an efficient
global optimization method for the inversion solution, and
assumes a constant-property slab of He I atoms up to a height
of 3′′ (or ∼2100 km) above the visible solar surface. It is as-
sumed that all atoms within this slab are illuminated by un-
polarized photospheric continuum radiation. This radiation
subsequently produces population imbalances and quantum
coherences between sub-levels. The atoms in the triplet sys-
tem of He I 10830 A˚ are described by their first five terms,
each one containing fine structure J-levels (Asensio Ramos
et al. 2008). The code solves the statistical equilibrium equa-
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Figure 2. Clockwise from upper-left represents sample He I 10830 A˚ Stokes I , Q, V and U spectra (solid black lines), each normalized by the
average continuum intensity found in the Stokes I observations. Red error bars in each panel represent the spatially- and temporally-averaged
standard deviations between the input FIRS and synthethized HAZEL intensities.
tions for a multi-term atom, in which quantum coherences are
allowed among the different J-levels pertaining to the same
term. A number of important physical parameters are out-
put, notably the magnetic field strength, B, the inclination
of the magnetic field vector, θB , the azimuth of the vector
magnetic field, χB , the Doppler velocity of the embedded
plasma, vmac, and the thermal (velocity) broadening of the
sampled plasma, vth.
The output for each of the spectral fits, alongside the pa-
rameters detailed above, is a synthetic profile, along with the
corresponding fitment errors. Figures 2 and 3 document the
quality of the synthetic HAZEL fits. Figure 2 displays the
Stokes I/Ic, Q/Ic, U/Ic and V/Ic spectra corresponding to
a non-flashing umbral pixel (solid black line), where Ic is
the average continuum intensity found in Stokes I . At each
wavelength point, the red error bars indicate the spatially-
and temporally-averaged standard deviations corresponding
to the offsets between the real and synthetic intensities. The
red lines in Figure 3 display Stokes I/Ic, Q/Ic, U/Ic and
V/Ic spectra corresponding to a shocking umbral pixel. The
shaded grey regions represent the quiescent umbral spectra
(alongside their associated 1σ errors) from Figure 2. The dif-
ferences between quiescent and UF spectra are clearly appar-
ent upon examination of Figure 3. Stokes I/Ic exhibits the
characteristic blue-shifted and enhanced emission tradition-
ally associated with UFs, resulting from the upward propaga-
tion and non-linear shocking of their host magneto-acoustic
waves. Stokes Q/Ic and U/Ic profiles display larger ampli-
tudes, highlighting that UFs are able to modulate the linear
polarization signals associated with the He I 10830 A˚ spec-
tral line. The amplitude of the Stokes V/Ic profile decreases
as a consequence of the interplay between it and the Stokes
Q/Ic and U/Ic spectral behavior. The lack of an observed
polarity change in the Stokes V/Ic profile is indicative of
the two-component atmosphere model for UFs, comprised of
both quiescent and shocking plasma in the same spatial loca-
tion (Socas-Navarro et al. 2001). A polarimetric uniformity
across quiescent and UF Stokes profiles suggests that the less
energetic phase of UF morphology is being sampled; a con-
sequence resulting from the upper-chromospheric formation
height of the He I 10830 A˚ spectral line (Vernazza et al. 1981;
Avrett et al. 1994). This is in contrast to upper-photospheric
6 HOUSTON ET AL.
Figure 3. Clockwise from upper-left represents sample He I 10830 A˚ Stokes I , Q, V and U spectra corresponding to an UF (solid red lines),
each normalized by the average continuum intensity found in the Stokes I observations. Grey shaded regions in each panel represent the
spatially- and temporally-averaged quiescent umbral profiles, including their respective 1σ errors as depicted in Figure 2.
and lower-chromospheric observations of UF phenomena,
which are obtained close to the formation heights of the UFs
themselves (Grant et al. 2018), hence producing a strong po-
larity change (de la Cruz Rodrı´guez et al. 2013; Henriques
et al. 2017). When considered on a statistical basis (i.e.,
not isolating individual profiles that may inadvertently bias
subsequent analyses), the excellent quality of the FIRS data
and synthetic HAZEL spectra means that a complete study
of vector magnetic field fluctuations can be undertaken.
Previous studies investigating magnetic field perturbations
in the aftermath of UF phenomena have only focused on the
line-of-sight (LOS) components of magnetic field due to in-
herently weak Stokes Q and U signals. However, our ac-
curately constrained Stokes Q and U profiles allow both the
parallel (Bz) and transverse (Btrans) components of the mag-
netic field, with respect to the solar normal, to be mapped
with a high degree of precision. In order to convert theB, θB
and χB parameters into their parallel and transverse compo-
nents, we adopt the methods documented by Gary & Hagyard
(1990). Azimuthal disambiguation of the transverse mag-
netic field vectors was performed through comparison with
the photospheric reference HMI vector magnetograms, and
through use of the algorithms detailed by Rudenko & Anfino-
gentov (2011). Furthermore, to study the thermal response
of the umbra to the shocks, the thermal velocity broaden-
ing term was transformed into an absolute temperature, T ,
through the relation T = v2thM/2k, where M and k are
the atomic mass (Chaisson & McMillan 2005) and the Boltz-
mann constant, respectively. It should be noted that the de-
rived temperatures correspond to upper limits, since there
may be unresolved microscopic motions, radiative transfer
effects and unresolved turbulent velocities that are not taken
into account following this assumption.
3.3. Umbral Flash Parameters
Following the inversion of all FIRS spectro-polarimetric
data, changes in various plasma parameters, with respect
to their means for that pixel, were calculated for the entire
dataset. Figure 4 details regressive probability distributions
of the relevant parameters, notably the absolute magnitude
changes in total magnetic field strength, δB, parallel field
strength, δBz, transverse field strength, δBtrans, field incli-
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Figure 4. Regressive probability distributions comparing the
change in measured plasma parameters between UF (red bars) and
non-shocking (blue bars) umbral locations. Clockwise from upper-
left are the absolute magnitude changes in the total magnetic field,
the magnetic field component parallel to the solar normal, the field
strength perpendicular to the solar normal, the inferred plasma tem-
perature, and the azimuthal and inclination angles of the vector field,
respectively.
nation angle, δθB , field azimuth angle, δχB , and the associ-
ated temperature, δT . In Figure 4, the red bars relate to the
pixels demonstrating UF phenomena, while the blue bars cor-
respond to non-flashing umbral locations. The use of regres-
sive histograms (i.e., displaying the probability, from 1→ 0,
that the measured variable will take a value greater than or
equal to the axis marker) allows the distribution shapes and
morphologies between UF and non-UF locations to be much
more easily compared, since the much higher number statis-
tics associated with non-UF locations would dominate a stan-
dard occurrence histogram.
Inspection of the upper-left and upper-middle panels of
Figure 4 highlights that UFs cause noticeably larger perturba-
tions in both the total magnetic field, B, and its vertical com-
ponent, Bz, when compared to more quiescent umbral loca-
tions, which are likely to be dominated by relatively small-
amplitude, linear magneto-acoustic waves. This is in con-
trast to some of the early work of de la Cruz Rodrı´guez et al.
(2013), who observed no evidence for magnetic field fluc-
tuations resulting from UFs. When displayed on the same
axis range (upper-right panel of Figure 4), the fluctuations
in the transverse component, Btrans, of the magnetic field
vector appear much smaller. This is likely a consequence
of the initial shock front propagating along the wave vec-
tor of the underlying magneto-acoustic waves, which are di-
rected along the magnetic field lines. Since the umbral mag-
netic fields are dominated by mostly vertical components
(i.e., alongBz), the initial strong perturbation of a developing
shock will likely affect plasma along this motion path, hence
producing δBz > δBtrans, as can be seen in Figure 4. How-
ever, importantly, the histograms associated with changes in
the magnetic field (either vector or total) indicate that larger-
amplitude deviations are found in UF locations when com-
pared to their non-shocking atmospheric counterparts.
The lower-left and lower-middle panels of Figure 4 dis-
play the absolute changes measured in the inclination and
azimuthal direction of the magnetic field. It can be seen that
for non-UF locations (blue bars), approximately 65% of the
inverted pixels display very small fluctuations from the back-
ground mean on the order of δθB ≤ 1◦ and δχB ≤ 1◦. This
is in stark contrast to the UFs, where approximately 65% of
the inverted spectra demonstrate δθB ≤ 3◦ and δχB ≤ 3◦.
This increase in magnetic field deflections, through a com-
bination of inclination and/or azimuthal changes, highlights
the impact developing shocks can have on their surrounding
plasma. This is likely to be a consequence of the localized in-
crease in adiabatic pressure resulting from the strongest UFs
(Henriques et al. 2017), which can subsequently deflect the
surrounding magnetic field concentrations.
The lower-right panel of Figure 4 highlights the large tem-
perature excursions resulting from UFs occurring in the rela-
tively cool surrounding umbral plasma. UF locations induce
temperature excursions spanning a few tens of degrees, up to
∼1100 K, while non-UF pixels demonstrate a much smaller
range of fluctuations extending from ∼0 − 300 K. The ab-
solute range of UF temperature fluctuations is in agreement
with the work of de la Cruz Rodrı´guez et al. (2013), who ob-
served temperature increases of ∼1000 K. However, this is
more towards the upper end of our temperature fluctuation
distribution, which has a mean value on the order of a few
hundred K. This may be a consequence of the different spec-
tral lines used, with de la Cruz Rodrı´guez et al. (2013) per-
forming their inversions on spectro-polarimetric Ca II 8542 A˚
observations. Subtle variations in the formation heights be-
tween the He I 10830 A˚ and Ca II 8542 A˚ spectra (Felipe et al.
2010) may directly influence the localized heating potential
of the UFs. Furthermore, the He I 10830 A˚ plasma is often
treated in an optically thin manner, and as a consequence, is
less responsive to temperature fluctuations when compared to
the optically thick lower solar atmosphere (Andretta & Jones
1997). Grant et al. (2018) showed that the strongest UFs can
form as low as ∼250 km above the solar surface. Therefore,
at the formation height of He I 10830 A˚ (expected to be up to
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Figure 5. Scatter diagrams of the total magnetic field strengths and temperatures induced by UFs, each normalized by their respective pixel
means (red circles). The shaded blue regions represent the associated errors for each of the data points. Panel (a) represents all detected UFs,
with the dashed black lines highlighting the origin location. Panel (b) displays only edge identified UF pixels, while panel (c) depicts centrally
defined UF pixels. A linear line of best fit is plotted using a dashed black line, while the dotted black lines represent the 1σ error boundaries
associated with the fitted line.
∼2100 km; Vernazza et al. 1981; Avrett et al. 1994), the in-
duced shock signatures will have abated, thus providing less
energy dissipation, in the form of heat, to the upper chromo-
sphere. This remains consistent with the hypothesis that the
relatively high formation height of the He I 10830 A˚ spectral
line (compared to other chromospheric absorption lines, e.g.,
Ca II 8542 A˚) naturally provides a two-component UF at-
mosphere, thus minimizing polarity changes in the observed
spectro-polarimetric signals.
3.4. Relating Temperature and Magnetism
As can be seen from Figure 4, UFs provide bigger induced
magnetic field and temperature fluctuations when compared
to quiescent background umbral locations. However, Fig-
ure 4 plots the absolute changes for each parameter in or-
der to form a comprehensive statistical picture. Therefore,
in order to probe the relationship, if any, between the shock-
induced magnetic field and temperature perturbations, it be-
comes necessary to map their direct, un-signed characteris-
tics. The upper panel of Figure 5 displays a scatter diagram
corresponding to the un-signed temperature and total mag-
netic field strength fluctuations for UF locations, each nor-
malized by their respective pixel means. The blue shaded re-
gions represent the associated errors provided by the HAZEL
code for each data point, which are obtained following the
numerical recipes documented by Press et al. (1992). The
covariance matrix is computed once a solution is found, with
the errors subsequently derived. The fundamental assump-
tion is that the χ2 surface is well reproduced as a multi-
dimensional ellipsoid, or in other words, that the likelihood
function is Gaussian with respect to the selected covariance
matrix. An initial examination of this scatter diagram sug-
gests the presence of two distinct populations: (1) a strong
linear correlation between temperature and magnetic field
fluctuations, and (2) a trend implying temperature increases
are related to decreases in the local magnetic field strength
(i.e., an anti-correlation).
To investigate how the locations of the UFs, as positioned
on the FIRS spectral slit and subsequently inverted using the
HAZEL code, affect the scatter diagram, we isolate two dis-
tinct varieties of UF pixels: (1) those identified as ‘central’
UF pixels, whereby they are bounded by positive UF pixel
identifications on each side, and (2) those quantified as ‘edge’
UF pixels, which demonstrate a non-flashing pixel in one (or
both) neighboring pixels. By plotting just the edge pixels
(Figure 5b) and the central pixels (Figure 5c), it becomes
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clear that the two distinct populations present in the origi-
nal scatter diagram are governed by their characterization as
either ‘edge’ or ‘central’ pixels. For each of the lower panels
in Figure 5 a line of best fit is displayed using a dashed black
line, while the dotted black lines indicate the 1σ uncertainties
associated with the least-squares fitted line. These lines of
best fit highlight the correlation and anti-correlation between
the temperature and magnetic field fluctuations for ‘edge’
and ‘central’ UF pixel identifications, respectively. Due to
the increased scatter of the pixels identified as central UF
components, the 1σ uncertainties associated with the line of
best fit are naturally larger. As one would expect, each line
of best fit passes through the origin.
3.4.1. The Positively-correlated Temperature and Magnetism
Relationship
From Figure 5b, it is clear that the temperature and mag-
netic field fluctuations identified at the edge of an UF event
are closely correlated with one another. This effect can be
readily visualized through the schematic displayed in Fig-
ure 6. Here, a magnetic flux tube is anchored in the sunspot
umbral core, which guides upwardly propagating magneto-
acoustic waves. The embedded flux tube scenario is con-
sistent with the observations, models and schematics put for-
ward by Severnyi (1959), Parker (1979), Solanki et al. (1999)
and Thomas et al. (2002), to name but a few. In Figure 6,
the translucent grey boxes labelled 1–6 highlight six exam-
ple FIRS slit pixels across the diameter of the magnetic flux
tube. Under initial conditions, pixels 2–5 demonstrate 100%
filling factors in relation to the observed flux tube (i.e., would
be identified as ‘central’ pixels), while pixels 1 and 6 are only
fractionally filled by the magnetic flux tube (i.e., would be
characterized as ‘edge’ pixels). Then, the upwardly propa-
gating magneto-acoustic waves begin to steepen, ultimately
forming a non-linear shock in the form of an umbral flash.
As depicted in Figure 6b, this non-linear event provides in-
creased adiabatic pressure. This pushes outwards on the
walls of the magnetic flux tube, causing it to expand, at the
same time as dissipation of the shock front induces increases
in the localized plasma temperatures. Of particular note, as
revealed in Figure 6c, pixels 1 and 6 will experience both in-
creases in the computed plasma temperatures (due to the dis-
sipation of the UF shock front) and increases in the strength
of the local magnetic field, resulting from the magnetic field
of the expanding flux tube superimposing on top of the back-
ground umbral field.
Such a linear relationship can be explained through ther-
modynamic considerations of the edge UF pixels. From ex-
amination of Figure 6, the shock-induced increase in adia-
batic pressure causes the magnetic flux tube to expand into
the surrounding background plasma. For locations defined
as ‘edge’ UF detections, this produces temperature fluctua-
tions, with the magnetic pressure allowed to vary through the
increased magnetic field strength in that location (Figure 6c),
producing detectable perturbations in the derived strength of
the magnetic field. This, of course, assumes that the um-
bral atmosphere is dominated by magnetic pressure (i.e., the
plasma-β  1), which is consistent with previous observa-
tional studies (e.g., Jess et al. 2013; Aschwanden et al. 2016;
Grant et al. 2018). According to thermodynamic theory for
adiabatic expansions, pressure fluctuations produce a subse-
quent change in temperature through the relationship,
T2 = Tmean
(
P2
Pmean
) γ−1
γ
, (1)
where γ is the adiabatic index, Pmean and Tmean are the ini-
tial plasma pressure and temperature, respectively, of the av-
erage background plasma, while P2 and T2 represent the per-
turbed plasma pressure and temperature, respectively, result-
ing from the adiabatic process. Within the magnetically dom-
inated environment of the sunspot umbra, the plasma will be
dominated by magnetic pressure, PM , defined as,
PM =
B2
2µ0
, (2)
where B is the total magnetic field strength and µ0 is the
magnetic permeability. This allows Equation 1 to be rewrit-
ten as,
T2 = Tmean
(
B2
Bmean
)2 γ−1γ
, (3)
where Bmean and B2 are the initial average background and
modified magnetic field strengths, respectively. Since the
modified field strength is the result of a perturbation on top of
the pre-existing background field (e.g., an increase in the lo-
cal magnetic field strength caused by the adiabatic expansion
of the magnetic flux tube as it crosses into the edge pixels,
or vice versa), Equation 3 can be subsequently rewritten by
taking the logarithm of both sides as,
log10
(
T2
Tmean
)
= 2
γ − 1
γ
log10
(
B2
Bmean
)
. (4)
By plotting the temperature and magnetic field perturba-
tions calculated by the HAZEL code and defined in Equa-
tion 4, Figure 5b reveals a very clear linear relationship. The
gradient of the line of best fit is calculated to be 2(γ−1)/γ =
0.22± 0.01, providing a value for the adiabatic index of γ =
1.12 ± 0.01. Van Doorsselaere et al. (2011) employed coro-
nal EUV observations from the Extreme-ultraviolet Imag-
ing Spectrometer (EIS; Culhane et al. 2007) on board Hin-
ode (Kosugi et al. 2007) to investigate the interplay between
density and temperature perturbations found in magneto-
acoustic slow-mode waves. Van Doorsselaere et al. (2011)
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Figure 6. A cartoon schematic depicting the physics responsible for the trends displayed in Figure 5, whereby temperature enhancements
for UF perimeter pixels correlate with magnetic field strength increases, while temperature enhancements for central UF pixels demonstrate
reductions in the magnitude of the local magnetic field. Panel (a) represents the initial structuring of a magnetic flux tube embedded within the
sunspot umbra, which channels the upward propagation of magneto-acoustic waves (green line). The translucent grey squares, labelled 1–6,
represent six pixels positioned across the diameter of the magnetic flux tube. Panel (b) depicts the the steepening of the upwardly propagating
magneto-acoustic waves, which ultimately develop into non-linear shock phenomena, producing increased adiabatic pressure acting outwards
on the magnetic flux tube (green arrows). The increased adiabatic pressure causes the magnetic flux tube to expand (panel c) while the localized
temperature is also increased as a result of the shock dissipation. Importantly, the magnetic field expands into the UF edge pixels (pixels 1 and
6), resulting in a correlation between the temperature and the magnetic field strength (lower-left panel of Figure 5), while the central pixels
(pixels 2–5) experience elevated temperatures alongside a net magnetic flux decrease due to the overall expansion of the magnetic flux tube
(lower-right panel of Figure 5).
calculated the adiabatic index to be γ = 1.10 ± 0.02, which
is very close to the value determined here for chromospheric
umbral locations. While the EUV coronal observations doc-
umented by Van Doorsselaere et al. (2011) may be orders-
of-magnitude hotter than those presented here, there are a
number of similarities, namely (1) both environments will be
dominated by magnetic pressure (i.e., plasma-β < 1), (2) as
UFs begin to occur close to the atmospheric temperature min-
imum, both locations are likely to have significant tempera-
ture gradients that support thermal conduction, and (3) the
outer ‘edge’ pixels of an UF are likely to be less non-linear
than those towards the center of the shocking region, hence
remaining comparable to the linear wave modes examined by
Van Doorsselaere et al. (2011). Furthermore, the numerical
models of Vaidya et al. (2015) demonstrate that typical um-
bral densities (∼ 10−8 g/cm−3) and temperatures (∼ 104 K)
are consistent with an adiabatic index of 1.1 . γ . 1.2. In-
deed, as documented by Klimchuk et al. (2004), the relatively
short period of the magneto-acoustic waves driving UFs may
also stipulate an approximately isothermal (i.e., γ ∼ 1) at-
mosphere, which lends credence to our derived value for the
adiabatic index of γ = 1.12± 0.01.
From the gradient of the slope present in Figure 5b, it
can be seen that relatively small fluctuations in temperature
cause large fluctuations in the magnetic field. Previous chro-
mospheric studies that examined temperature fluctuations re-
lated to UFs found that brighter, more intense shocks resulted
in greater temperature increases above the quiescent umbra.
In addition to the adiabatic processes outlined above, an ad-
ditional explanation for this is that bulk up-flows from the
shocking plasma induce changes in the local plasma density,
and thus the opacity of the shock-forming region (Socas-
Navarro et al. 2001). As HAZEL derives a single optical
depth value for each profile, through the integration of line-
of-sight opacities, we are unable to verify or refute the role
localized opacities play in our observed temperature excur-
sions above the mean. However, as previously discussed, the
typically high formation height of the He I 10830 A˚ spectral
line (∼2100 km; Vernazza et al. 1981; Avrett et al. 1994)
is likely to result in the observed Stokes profiles capturing
the less energetic phases of umbral flash morphology. As
a result, the ensuing density fluctuations captured by He I
10830 A˚ spectra may be relatively minor, hence minimiz-
ing the amount of induced opacity fluctuations along the
given line-of-sight. Nevertheless, under ideal conditions,
the plasma emission should be hottest at the point of shock
formation, with subsequent plasma cooling established as it
decouples from the magnetic field and is allowed to move
isotropically through the umbral atmosphere.
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3.4.2. The Anti-correlated Temperature and Magnetism
Relationship
Figure 5c, again, displays a predominantly linear relation-
ship for central UF identifications, whereby now decreases in
the total magnetic field strength correlate with relatively large
increases in the corresponding plasma temperature, which is
in agreement with the results put forward by Henriques et al.
(2017). These particular findings are consistent with the the-
oretical viewpoint of shock formation in the lower solar at-
mosphere. Following the nomenclature of Carlsson & Stein
(1997), a formal description of the emergent intensity, Iν ,
from a column height extracted from the umbral atmosphere
(whose lower and upper boundaries are denoted by z0 and z1,
respectively) is given by,
Iν =
∫ z1
z0
Sν e
−τν χν dz ,
where Sν is the source function, e−τν is an exponential atten-
uation factor and χν dz is the product of the cross section and
the column density of the emitters. Since the HAZEL inver-
sions operate within a fixed range of optical depths, the ex-
ponential attenuation factor will remain constant throughout
the evolution of each shock event. Therefore, the two factors
capable of modifying the intensity are the source function
and the column parameters of the emitters. Though small
variations occur in the column densities at equivalent opti-
cal depths due to, e.g., the Wilson depression (e.g., Schun-
ker et al. 2013), its effect on the emergent intensity will be
negligible when compared to the source function. Carls-
son & Stein (1997) showed that the source function varies
as a function of atmospheric height, being largest in lower,
photospheric locations where it is naturally coupled to the
Planck function, and decreasing upwards into the chromo-
sphere. Therefore, a consequence of this will be that the
most intense UFs occur deepest in the umbral atmosphere.
As a result, the deep-forming shock fronts have the ability
to more significantly perturb the overlaying magnetic field
lines. Here, the adiabatic plasma pressure of the more ener-
getic upwardly propagating shocks pushes the magnetic field
lines more strongly apart, thus reducing the magnitude of the
measured magnetic field strength when observed in the ‘cen-
tral’ pixels at the formation height of the He I 10830 A˚ line.
This can be visualized in Figure 6, where in the aftermath
of an UF event the original magnetic field flux is distributed
across a larger area (e.g., by expanding into pixels 1 and 6,
and potentially beyond). Thus, for pixels 2–5 in Figure 6c,
the increases in localized plasma temperatures will be corre-
lated with decreases in the local magnetic field flux, hence
producing an anti-correlation between the plasma tempera-
ture and the embedded magnetic field. The magnetic flux
tube filling factors for pixels 2–5 remain at 100% through-
out the evolution of an UF event, hence the volume filling
of the magnetic flux tube as a consequence of the increased
adiabatic pressure produces a decrease in the localized mag-
netic field flux. Then, as the shock front begins to dissi-
pate, the gravitational infall of the cooling plasma creates a
pressure ‘vacuum’, causing magnetic field lines to condense
through a process similar to convective collapse in the quiet
Sun. Therefore, UFs can be considered as a mechanism that
causes amplification of the magnetic field perturbations dis-
played at a much weaker level by linear magneto-acoustic
wave interactions with the chromospheric umbral plasma.
3.5. Transverse Magnetic Field Perturbations
The ability to accurately synthesize the observed Stokes Q
and U spectra with HAZEL (see, e.g., Figure 2) allows us
to perform the first examination of the transverse component
fluctuations of the magnetic field during UF events. Through
use of the magnetic field strengths, B, in addition to the in-
clination and azimuthal angles, θB and χB , respectively, we
employed the techniques outlined by Gary & Hagyard (1990)
to decompose the parameters into orthogonal magnetic field
components, Bx and By, perpendicular to the solar normal.
Here, Bx represents the magnetic field component running
in the solar east-west direction, while By depicts the vector
magnetic field orientated along the solar north-south axis.
For each UF event registered, the un-signed measurements
displayed in Figure 4 were converted into corresponding vec-
tor fluctuations, δBx and δBy, perpendicular to the solar nor-
mal. These fluctuations are displayed in the bottom panel of
Figure 7. Here, the length of the arrow, which originates at
the origin, represents the magnitude of the induced Btrans
fluctuation, while the color scale corresponds to the total
magnetic field strength, B, associated with that particular
perturbation. It can be seen that the strongest magnetic fields
(i.e., the red arrows in the bottom panel of Figure 7, corre-
sponding to B > 1600 G) are associated with the largest
Btrans fluctuations. Furthermore, the δBx and δBy vector
field perturbations associated with the largest magnetic fields
are preferentially orientated along the north-north-west to
south-south-east direction (i.e., ↔), as indicated by the dashed
trend line in the bottom panel of Figure 7. This is in stark
contrast to the weaker magnetic fields (i.e., B ≤ 1600 G),
where the associated δBx and δBy vector field fluctuations
are more strictly orientated along the east-north-east to west-
south-west direction (i.e, ↔), as highlighted by the dash-
dotted trend line in the bottom panel of Figure 7. The black
dotted lines also present in the bottom panel of Figure 7 rep-
resent the 1σ error boundaries of the fitted lines. Therefore,
it is clearly evident that perturbations in the transverse vec-
tor magnetic field for weaker magnetic concentrations (i.e.,
B ≤ 1600 G) are preferentially orientated in the east-north-
east to west-south-west direction (i.e., ↔), while the trans-
verse vector magnetic field fluctuations associated with mag-
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Figure 7. Top Left Panel: An HMI photospheric vector magnetogram (black and white base image), overplotted with vector representations of
the extrapolated chromospheric magnetic field. White and black colors in the base image represent positive and negative magnetic polarities,
respectively, which have been saturated at ±1000 G to aid visualization. The color scale corresponds to the absolute magnetic field strength
of the depicted arrow vectors, while the lengths of the arrows relate to the magnitude of the transverse magnetic field. Top Right Panel: Zoom
in of the extrapolations displayed in the upper-left panel, with the arrow heads removed for clarity. The white line represents the position of
the FIRS slit across the center of the umbra. Bottom Panel: Vectorized representations of the changes in Bx and By obtained from UF pixels
within the umbral region of the FIRS slit displayed in the top right panel. The color scale represents the absolute magnetic field strength for
each arrow. The black dashed and dash-dotted lines highlight the lines of best fit for total magnetic fields exceeding and less-than-or-equal-to
1600 G, respectively. For each line of best fit, the dotted black lines represent the associated 1σ uncertainties.
netic concentrations exceeding 1600 G are preferentially ori-
entated in the north-north-west to south-south-east direction
(i.e., ↔).
To investigate the cause of the preferential magnetic field
deflection directions, we employed the non-linear force-free
field (NLFFF) extrapolation code of Wiegelmann (2008) to
examine the widespread geometry of the magnetic field in the
surrounding chromosphere. Since the vector magnetic field,
derived from the FIRS He I 10830 A˚ spectrographic obser-
vations, only covers a 1 .′′125 wide slot through the center of
the sunspot umbra, it cannot be used to provide a more global
overview of the surrounding magnetic field geometries. As
a result, the scattered-light corrected HMI photospheric vec-
tor magnetograms were used for the NLFFF extrapolations.
With the formation height of the He I 10830 A˚ spectral line
known to reach an atmospheric ceiling of ∼2100 km (Avrett
et al. 1994), a two-dimensional cut-out of the resulting ex-
trapolated magnetic fields, corresponding to the same atmo-
spheric height of ∼2100 km, was isolated for subsequent
study.
A vector diagram of the extracted chromospheric magnetic
fields is displayed in the top left panel of Figure 7. Here,
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the arrows represent the positive-to-negative direction of the
magnetic field, where their length corresponds to the magni-
tude of the transverse field component,Btrans, and their color
represents the total magnetic field strength, B, at the loca-
tion displayed. It must be stressed that the arrow lengths and
colors have been extracted from the three-dimensional mag-
netic field extrapolations of the active region, and are there-
fore independent from the HAZEL inversions of the FIRS
spectro-polarimetric observations. A number of important
features can be identified in the top left panel of Figure 7.
Firstly, the strongest magnetic fields (i.e., B > 1600 G),
found towards the center of the sunspot umbra, display rel-
atively short arrows; a consequence of Bz  Btrans. Sec-
ondly, for these strongest magnetic field concentrations, the
corresponding transverse field vectors (i.e., Bx and By com-
ponents) indicate a preferential north-north-west to south-
south-east direction (i.e., ↔). Thirdly, the weaker magnetic
fields (i.e., B ≤ 1600 G) entering the sunspot umbra have
more extended arrow lengths, which is a consequence of
their transverse magnetic field components being more dom-
inant (i.e., Btrans & Bz. Finally, the orientation of these
weaker umbral magnetic fields is preferentially in the east-
north-east to west-south-west direction (i.e., ↔). This ap-
pears to be a consequence of the opposite polarity (i.e., pos-
itive) magnetic field concentration located immediately east
of the sunspot. Here, the weaker magnetic fields originat-
ing within the sunspot will experience more rapid curvature
towards the opposite polarity region; a consequence of the
increased Btrans/B ratio within these locations where the
plasma can be considered force-free (i.e., where the plasma-
β < 1; Longcope 2005).
The top right panel of Figure 7 displays a zoom in to the
sunspot umbra and its immediate surroundings. In an identi-
cal format to the top left panel of Figure 7, the vector mag-
netic field components anchored into the sunspot umbra (also
including those embedded in the neighboring positive po-
larity region) are displayed as colored lines, where the line
color represents the total magnetic field strength, B, and the
length of the line corresponds to the magnitude of the trans-
verse field component, Btrans. For ease of viewing, the ar-
row heads present in the top left panel of Figure 7 have been
removed. The solid white line overplotted in the top right
panel of Figure 7 represents the orientation of the FIRS slit,
which was placed at an angle of 23.3◦ to the solar north-
south axis. The preferential direction of the transverse mag-
netic field fluctuations (represented by the dashed line in the
bottom panel of Figure 7) associated with the strongest mag-
netic concentrations (B > 1600 G) is at an angle of ≈14◦
to the solar north-south axis. Similarly, the transverse deflec-
tions associated with the weaker background magnetic fields
(B ≤ 1600 G) demonstrate a preferential angle of ≈122◦
to the solar north-south axis (highlighted by the dash-dotted
line in the bottom panel of Figure 7). Since the preferential
transverse magnetic field fluctuations are not exactly paral-
lel or perpendicular to the slit orientation, this suggests that
such characteristic deflection angles for the strong and weak
magnetic fields are unlikely to be a purely systematic effect
introduced during the data calibration process (e.g., residual
stray light contributions; Zong et al. 2007; Beck et al. 2011).
Furthermore, as the FIRS slit was placed through the cen-
ter of the umbra, and therefore encapsulates magnetic fields
spanning a plethora of azimuthal orientations, it is natural to
expect the preferential directions of the transverse magnetic
field fluctuations (bottom panel of Figure 7) to correlate di-
rectly with the pre-existing field geometries revealed by the
magnetic extrapolations in the top panels of Figure 7. How-
ever, as the respective angles (23.3◦ for the slit orientation
compared with ≈14◦ for the strong magnetic field fluctua-
tions) are relatively close to one another, future data acqui-
sition procedures may choose to implement a form of ro-
tating slit assembly, similar in concept to that employed by
the Reuven Ramaty High-Energy Solar Spectroscopic Im-
ager (RHESSI; Lin et al. 2002), to constantly evolve the slit
orientation angle, hence minimizing and mitigating potential
systematic effects.
Importantly, the top panels of Figure 7 depict the ‘at rest’
quiescent geometry of the chromospheric magnetic field,
while the bottom panel of Figure 7 reveals the dynamic fluc-
tuations experienced by the two-dimensional transverse com-
ponents of the magnetic field (i.e., Bx and By) during UF
shock phenomena. It can be clearly seen from Figure 7 that
strong magnetic fields (i.e., B > 1600 G), which are nor-
mally orientated in the north-north-west to south-south-east
direction (i.e., ↔), experience transverse deflections along
the same path following shock formation. Similarly, weaker
magnetic fields (i.e., B ≤ 1600 G) that are preferentially
orientated east-north-east to west-south-west (i.e., ↔), also
demonstrate transverse deflections along the same direction
once co-spatial UFs develop. Such characteristics can be re-
lated to a number of physical mechanisms. Firstly, an in-
crease in the magnetic field inclination angle, θB , would
boost the transverse magnitude of the magnetic field (i.e.,
Btrans) along the same two-dimensional direction, hence re-
quiring no additional changes to the localized environment.
Secondly, an increase in the measured magnetic field strength
(i.e., as experienced by pixels where the magnetic flux tube
expands into the umbral background throughout the shock
event; ‘edge’ pixels) along the direction of the vector field
would also increase both components of the field perpendic-
ular to the solar normal. Finally, the weaker fields embed-
ded within the east-north-east to west-south-west (i.e., ↔)
geometries will have reduced magnetic tension, and there-
fore may be more susceptible to directional changes caused
by the developing shock fronts. Of course, a combination
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of all three mechanisms may also contribute to the observed
magnetic field fluctuations perpendicular to the solar nor-
mal. It must be noted that even though changes in the az-
imuthal angle, χB , of the vector magnetic field may increase
up to a maximum of ∼8 degrees following the creation of an
UF, such a deflection is relatively minor, and as such, will
not have a large impact on the vectorized plots displayed
in Figure 7. This further substantiates why the UF-induced
changes in the transverse magnetic field components, δBx
and δBy, remain predominantly along the quiescent mag-
netic field vectors.
4. CONCLUSIONS
High resolution spectro-polarimetry and spectral imaging
data has been employed in conjunction with advanced in-
version techniques to provide a unique glimpse into mag-
netic field fluctuations in sunspot umbrae as a result of UFs.
Through the comprehensive analysis of a large set (93 991)
of He I 10830 A˚ Stokes profiles, we find that a scatter di-
agram of temperature and magnetic field strength fluctua-
tions provides evidence for two distinct populations. We un-
cover that the two populations relate to whether the detected
signals originate at either the edge or center of the identi-
fied UF event. Edges of the UFs provide a positive corre-
lation between magnetic field strength and temperature fluc-
tuations, which is caused by the adiabatic expansion of the
supporting magnetic flux tube into-and-through these pixel
locations, hence simultaneously increasing the local mag-
netic field strength as the plasma is heated due to the dis-
sipation of the shock front. This relationship allows us to
derive the adiabatic index, γ = 1.12 ± 0.01, for umbral
locations in the lower solar atmosphere. Conversely, cen-
tral pixels of the UFs provide an anti-correlation between the
magnetic field strength and temperature perturbations, which
is a result of the adiabatic expansion of the magnetic flux
tube, causing a net magnetic field flux decrease in these cen-
tral locations while the local plasma is being simultaneously
heated through non-linear shock dissipation, providing cre-
dence to the adiabatic hypothesis put forward by Henriques
et al. (2017).
We have also shown, for the first time, fluctuations in the
transverse components of the magnetic field (i.e.,Bx andBy)
resulting from UF phenomena. Through comparison with
NLFFF extrapolations of scattered-light corrected HMI vec-
tor magnetograms, we find a number of possible scenarios
to explain the observed transverse field perturbations: (1)
changes in the inclination angles of the vector magnetic field,
(2) increases in the measured magnetic field strength caused
by the physical adiabatic expansion of the magnetic flux tube
through those pixels, (3) reduced magnetic tension in the lo-
cations of weaker magnetic fields, thus promoting more sus-
ceptibility to field deflections, and (4) a combination of all
three. Future work will require a close examination of all de-
rived plasma parameters in order to address which scenario
is most plausible. This will be a challenging task, requiring
the segregation of weak/strong UFs, those in the rise/decay
phases of their morphology, and those that may be forming
over a range of optical depths and atmospheric heights. As
such, it may be necessary to combine a multitude of comple-
mentary inversion routines, including NICOLE, HAZEL and
the CAlcium Inversion using a Spectral ARchive (CAISAR;
Beck et al. 2015; Rezaei & Beck 2015), alongside a wealth
of multi-wavelength spectro-polarimetric data, to further an-
swer this question.
Greater spatial and temporal resolution, alongside higher
polarimetric precision, would allow smaller-scale magnetic
field fluctuations to be uncovered. Thankfully, new advanced
observing facilities will soon be available to the community,
including the Daniel K. Inouye Solar Telescope (DKIST;
Keil et al. 2004), the National Large Telescope (NLST; Hasan
et al. 2010) and the European Solar Telescope (EST; Colla-
dos et al. 2013). Such new facilities will likely allow us to
reveal yet more information about the behavior of magneto-
acoustic shock phenomena than current observing suites.
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